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ABSTRACT 
The purpose of the triggered individual identification friend or foe (IIFF) patch is to 
covertly reduce fratricide incidents and provide related remotely triggered marking or 
signaling capability.  This research extended previous work by evaluating solar blind UV 
light emitting diodes (LEDs).  Due to the zero background condition (“solar blind”) from 
200 to 280 nm, use of a UV source in this 80 nm window can be used to create a 
triggered IIFF patch that works both day and night.  Additionally, due to the strong 
wavelength dependence for scattering reactions in air, UV light may provide a means to 
accomplish non line of sight (NLOS) signaling. 
 The goal of this research was to develop a working prototype of a triggered IIFF 
device that can be seen from a distance of 1 km, either day or night, and explore the 
possibility of using this device to perform NLOS signaling.  Results will be presented 
demonstrating prototype performance in a field exercise, as well as the device 
characterization required to define and optimize the prototype design.  Device 
characterization included measurements of LED intensity as a function of driving current 
and voltage and the determination of LED performance parameters outside the standard 
operating specifications. 
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I. INTRODUCTION  
A. BACKGROUND 
According to U.S. Army TRADOC Fratricide Action Plan, "Fratricide is the 
employment of friendly weapons and munitions with the intent to kill the enemy or 
destroy his equipment, or facilities, which results in unforeseen and unintentional death 
or injury to friendly personnel” [1].  Although fratricide has always been a problem in 
armed combat, advancements in technology have resulted in increasingly lethal weapons 
that can be used from greater distances, even in ground-to-ground combat.  In addition, 
the speed and complexity of combat has increased.  This can make it difficult to 
distinguish between friendly and nonfriendly forces.   
In the 1991 Operation Desert Storm, friendly fire incidents accounted for 24% of 
U.S. casualties.  Of these fratricide incidents, 61% involved ground-to-ground incidents 
[2].  This number increased to new levels in the 2003 Operation Iraqi Freedom, where 
„blue-on-blue‟ engagement accounted for 45% of U.S. casualties.  Again, 61% of these 
incidents resulted from ground-to-ground engagements [3]. 
As the battlefield becomes more complex, new technology is needed to covertly 
identify friendly forces.  The two prominent means of fratricide prevention for ground-to-
ground engagement currently in use are infrared (IR) beacons and infrared reflective 
patches.  The IR beacons (Figure 1) work by emitting a blinking IR signal whenever they 
are turned on.  Because they operate in the IR, they are only effective during nighttime 
operations.  In addition, although they can serve to identify friendly personnel, the IR 
beacons are not covert.  The emitted IR light can be seen by anyone using a night vision 
device (NVD), friendly or not.  Therefore, use of these beacons may inadvertently reveal 




Figure 1.   Wearable infrared beacon (Powerflare, Inc.). 
The IR reflective patches (Figure 2) are small, wearable patches made from “glint 
tape.”  They are designed to reflect any incident IR light back to the source.  A major 
advantage of these patches is that unlike the IR beacons, they are not constantly 
“advertising” the wearer‟s position.  They must be illuminated by an IR source such as a 
targeting laser or beacon source in order to be visible.  However, these patches are 
indiscriminant in that the reflection does not distinguish between friendly or unfriendly 
illumination. 
        




B. NEAR IR AND SHORT WAVE IR IIFF PATCHES 
In 2009, the Office of the Secretary of Defense (OSD) directed the Technology 
Transition Initiative (TTI) program to fund the Polymer Light Emitting Diode (P-OLED) 
Enabled Individual Identification Friend or Foe (IIFF) project [4].  In response to this 
direction, and in order to provide a covert solution for fratricide mitigation, a series of 
triggered IR IIFF patches have been developed at Naval Postgraduate School. 
 
 
Figure 3.   Individual Identification Friend or Foe (IIFF) patch. 
These patches make use of a triggering mechanism that allows them to behave 
passively and therefore covertly.  Special sensors built into the patch are able to detect 
laser targeting and illumination from friendly ground troops.  Once it senses that a 
friendly shooter has targeted it, the patch responds automatically by emitting a flashing 
IR signal.  This signal warns the shooter that they have mistakenly targeted a friendly 
soldier in time to allow them to disengage.  Unlike reflective patches, these IR IIFF 
patches do not respond to unfriendly engagers or generic IR radiation from sources in the 
environment.   
The more recent models of the IR IIFF patches are able to operate in one of two 





triggered by a friendly target.  Should the need for enhanced situational awareness arise, 
the patch may be placed in beacon mode.  While in beacon mode the patch continuously 
flashes, emitting an IR signal until turned off. 
The first generations of the triggered IR IIFF patches used light from the near 
infrared (NIR) region of the spectrum, 0.7-1.0 μm.  Although the implementation of a 
triggering mechanism made these models more covert than either the IR reflective 
patches or IR beacons, as with these current means of fratricide prevention these versions 
of the triggered IR IIFF patch were visible to generation III NVDs. 
The most recent demonstration of the IIFF patch uses emission in the short wave 
infrared (SWIR) region, 1.0-3.0 μm.  This makes the device even more covert because 
SWIR photons are invisible to the GaAs based generation III NVDs.  The patch uses a 
method known as downconversion to change the wavelength of the emitted photons from 
the NIR to the SWIR region of the spectrum [5].  Filters are used to eliminate any visible 
or NIR light, allowing only the SWIR photons to be emitted [6].  Only next-generation 
NVDs (NG-NVDs) are capable of seeing the emitted SWIR photons. Unlike generation 
III NVDs, NG-NVDs are still in the relatively early stage of development and are not 
widely proliferated, making a SWIR device more covert.  Figure 4 shows an illuminated 
SWIR IIFF patch as viewed by both generation III NVDs and a SWIR camera; the patch 




Figure 4.   NVD test and SWIR comparison of triggered SWIR IIFF patch response 
(From [6]). 
C. PROJECT SCOPE 
The next step is to explore the viability of a triggered solar blind UV patch.  Use 
of solar blind UV light, 200-280 nm, offers the possibility of a device that could produce 
covert identification or marking and signaling during both day and night.  As is the case 
with SWIR, the capability for UV imaging is not widely available.  In addition, due to the 
increase in molecular scattering of photons of shorter wavelengths, the possibility also 
exists for performing nonline of sight (NLOS) communication and signaling.  The goal of 
this research is to demonstrate proof of concept for a triggered solar blind UV patch that 
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II. SOLAR BLIND AND ZERO SOLAR BACKGROUND 
RADIATION 
A. SOLAR BLIND ULTRAVIOLET RADIATION 
Current military applications utilizing the UV portion of the electromagnetic 
spectrum (~9nm-400nm) include missile detection for aircraft and remote sensing for 
chemical and biological agents. As the technology advances, many new applications will 
doubtlessly present themselves. Sources of UV radiation, as well as UV detection, will 
become cheaper, more efficient and more widely deployed.   
Of major interest in military applications is the UVC portion of the spectrum, also 
known as the solar blind region (200-280 nm).  This is called the solar blind region 
because on and near the earth‟s surface there is what is referred to as zero solar 
background radiation for this part of the spectrum.  This provides a unique 
communications opportunity because limitations due to background radiation have been 
removed.   
The solar blind condition occurs because the ozone layer of the upper atmosphere 
(nominally 20 km altitude) strongly absorbs solar radiation from the following reactions:  
 3 2O h O O   (1) 
 2 2O h O   (2) 
This produces zero background conditions in the lower atmosphere and at the earth‟s 
surface. 
Ozone, O3, is particularly good at absorbing photons between 230 and 280 nm 
(Equation 1).  Below 230 nm, it is the molecular oxygen, O2, which primarily determines 
the amount of absorption (Equation 2).  Figure 5 shows the ozone absorption cross 




Figure 5.   Ozone absorption cross-section from 200 – 300 nm (From [7]). 
The free oxygen atoms from each of the above reactions combine with O2 to form 
more ozone and the cycle repeats.  These reactions absorb 98% of the incident UV 
radiation.  Of the UV light that does pass through the ozone layer, 99% is UVA (320-400 
nm).  The other 1% is UVB (280-320 nm). Virtually none of the UVC, or solar blind, 
reaches the lower portions of the earth‟s atmosphere. 
As do all objects with a temperature above absolute zero, the sun emits a broad 
spectrum of wavelengths.  Although not a perfect blackbody, the sun can be modeled as 
one.  Planck‟s Law, given by Equation 3, produces the plot in Figure 6 as the emission 









   
 
 (3) 
where I is the intensity as a function of the wavelength, λ, and the temperature, T, h is 




Figure 6.   Normalized intensity spectrum of the sun based on Planck‟s law for 
blackbody radiation at 5770 K. 
Wien‟s displacement law gives the peak wavelength of blackbody emission and is 
given by Equation 4. 
 6max 2.90 10T nmK     (4) 
For an object of temperature T = 5770 K, the peak emission per unit wavelength 
occurs at 503 nm, which is located in the green part of the visible region of the spectrum.  




0.309.  Clearly, the amount of solar blind radiation emitted from 
the sun is not negligible.   However, Figure 7 shows an actual emission spectrum from 
the sun taken on the earth‟s surface by an Ocean Optics USB4000-UV-VIS 
spectrometer.  The figure also includes laboratory spectrum of two solar blind LEDs 




















255 nm Ball Lens LED
275 nm Ball Lens LED
 
Figure 7.   Measured spectrum from Sun, 275 nm LED, and 255 nm LED. 
It can be clearly seen that for wavelengths below 300 nm and above 900 nm the 
measured intensity decreases significantly faster than the blackbody distribution.  With 
respect to the higher wavelengths this is due to the poor sensitivity of the detector.   The 
spectrometer has a range of 200-850 nm and a sensitivity of 130 photons/count at 400 nm 
and 60 photons/count at 600 nm [8].  Although there is of course significant solar IR 
radiation at the earth‟s surface, the detector used does not respond to it.  However, this is 
not the cause of the absence of solar blind radiation.  As is evidenced by the peaks 
produced by the LEDs, the detector does maintain responsivity in this range, and the lack 
of measured signal demonstrates the ozone absorption as discussed. 
B. ZERO SOLAR BACKGROUND RADIATION 
To take advantage of the opportunity for “zero” background presented by using 
the solar blind UV region of the spectrum, light from other regions of the spectrum must 
be filtered.  One way to accomplish this is using a detector that is only sensitive to the 
11 
 
desired wavelengths.  For example, if the detector had a band gap > 4 eV, only photons 
with wavelengths under 310 nm would have sufficient energy to cause an electron to 
jump from the valence band to the conduction band and therefore be detected.  Use of a 
wide band gap detector could effectively eliminate all background radiation outside the 
solar blind region. 
The intensified PentaMAX camera used in this research is sensitive to photons 
from 180-800 nm.  Because of this, the zero background radiation condition was 
achieved through the use of solar blind optical bandpass filters.  Two bandpass filters 
obtained from Acton Optics were used in this research; one narrowband filter (270N) and 
one broadband filter (270B) each with peak transmission wavelengths close to 270 nm.  
The narrowband filter offers a minimum peak transmission of 23.5% and a visible 
rejection of 10
-4
.  The broadband filters provide a minimum peak transmission of 42.3% 




 [9].  Figure 8 shows the %transmission curves for 
each of the filters. 
 
Figure 8.   %Transmission curves for solar blind bandpass filters used to achieve zero 
solar background radiation condition.  Left: 270 nm broadband filter (270B).  
Right:  270 nm narrowband filter (270N) (From [9]). 
To illustrate the zero background advantage with a solar blind UV device, a UV 
LED with a peak emission wavelength of 270 nm was placed in the mount shown in 




Figure 9.   Close-up view of mount used to hold LED. 
Figure 10 compares the LED in both the “off” and “on” conditions viewed 
through a visible camera with no UV imaging capability.  
    
Figure 10.   270 nm LED in “off” (left) and “on” (right) conditions as viewed by  
visible camera with zero responsivity in the ultraviolet.  
Note that the visible camera does not distinguish between the “on” and “off” condition of 
the UV LED.  This is evidence that a UV emitter would be covert, and minimize the risk 
of compromising the user‟s position due to observation in the visible part of the 
spectrum.  Figure 11 compares the LED in the “off” and “on” condition, but as viewed 




Figure 11.   270 nm LED in “off” (left) and “on” (right) conditions as viewed by  
intensified PentaMAX camera sensitive to both ultraviolet and visible light.  
Although the intensified PentaMAX camera is able to detect the emitted UV light, 
the signal is not prominent due to the background radiation in the visible part of the 
spectrum.  Figure 12 shows a final image of the LED in the “on” condition as seen by the 
intensified PentaMAX camera through a 270 nm bandpass filter. 
 
Figure 12.   270 nm LED in “on” condition as seen from 5m by a camera sensitive  
to both ultraviolet and visible light using a 270 nm bandpass filter. 
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With the visible light reduced by a factor of roughly 10
-4
, the advantage of zero 
background can be clearly seen.  In each image, the driving current of the LED is the 
same.  Although the source is no brighter than before, the absence of background light 
adds dramatic contrast, which makes the light appear many times brighter. 
In the solar blind region of the spectrum, there is zero background radiation both 
day and night.  Because of this, an IIFF device operating in the solar blind region of the 




III. DETERMINATION AND EVALUATION OF SOLAR BLIND 
UV SOURCE 
A. POSSIBLE SOLAR BLIND UV SOURCES 
To exploit the solar blind region for the purpose of developing an IIFF patch or 
signaling device, there are many design constraints to consider.  These include size, cost, 
and mobility.  The UV source as well as the power supply must be small enough to be 
worn by a soldier without impacting the soldier‟s capacity to perform their duties.  
Over the past four decades new UV sources such as xenon flashtubes, UV lasers, 
and mercury-xenon lamps have been developed.  All are capable of producing light in the 
solar blind region [10].  However, these UV systems are expensive, bulky, or inefficient.  
None of them could serve as the light source for the intended UV IIFF patch.  
Nevertheless, recent advances in semiconductor UV sources have produced UV LEDs 
that offer relatively low cost and power consumption, as well as small size [11].   
The Sensor Electronic Technology Corporation (SETI) produces a line of 
commercially available UV LEDs with peak emission wavelengths every 5 nm from 240 
-400 nm. In addition, there is the option for one of three different lenses: flat window 
(FW), ball (BL), and hemispherical (HS).  The major difference between the three 
devices is the emission pattern and divergence of the beam as it leaves the lens.  
Examples of LEDs of each lens type are shown in Figure 13. 
 
Figure 13.   UVTOP® LEDs from Sensor Electronic Technology Inc.  From Left to 





 series of LEDs offered by SETI are a series of AlGaN/AlInGaN 
based UV and deep-UV LEDs. The wide and direct energy band of III-Nitride 
semiconductors makes this material system uniquely suited for fabrication of light 
emitting diodes peak emission wavelengths below 365 nm [12].  Figure 14 shows a 
schematic diagram of a typical AlGaN based LED. 
 




 LEDs from SETI offer a viable option to serve as the light source 
for the IIFF patch. However, before a prototype UV patch could be developed it needed 
to be determined which LED wavelength and lens would best accomplish the purpose of 
the patch.  Six different UVTOP models were purchased: LEDs with peak wavelengths of 
255 nm and 270 nm for each of the three lens options.  Measurements of the intensity and 
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the angular distribution of the intensity were performed for each model in an effort to 
find the optimum LED to serve as the light source for the device. 
B. INTENSITY LOSSES 
For line of sight imaging from the proposed device, high intensity at the detector 
is desired.  This can be done by increasing the initial intensity of the light or decreasing 
the transmission losses that occur.  As a beam of light travels away from its source, the 
optical power per cm
2
, or intensity of the beam will be affected by both geometric 
transmission losses, TLg and transmission losses due to dissipation, TLd.  The overall 
intensity is given by Equation 5: 
  0( ) 1 ( ) 1 ( )g dI r I TL r TL r      (5) 
The dissipation losses are due to photon attenuation from either absorption or 
scattering reactions.  Scattering reactions, which may prove useful for nonline of sight 
communications, will be covered in more detail in Chapter 5.  The total dissipation loss 
due to both mechanisms is given by: 
 ( ) 1 rdTL r e  (6) 
The attenuation coefficient, α, is dependent upon the wavelength of the light and 
the properties of the medium through which it travels.  Over the range of desired 
wavelengths, there is minimal change in the values of α.  Also, for the UV IIFF device to 
function practically, it must be capable of working regardless of atmospheric conditions. 
In addition, under typical conditions the loss due to attenuation is negligible for distances 
less than 1 km [13].  For these reasons, transmission losses due to dissipation will not be 
addressed in this research. 
The geometric losses are due to the divergence of the beam as it spreads out from 
the source.  This is dependent upon the source‟s emission pattern and is different for each 
of the three types of LED lens.  A broader emission pattern will have a higher geometric 
loss rate than a focused beam.  However, despite the higher loss rate, the broader 
emission pattern could actually be beneficial in achieving the overall goal.  In order to 
serve its purpose and identify a target as friendly, the device must emit a signal that is 
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seen by the engager.  If the emitted beam were extremely narrow, the patch would have 
to be oriented such that the LED would be aimed directly at the engager.  A broader 
emission pattern reduces the importance of the patch‟s orientation.   
The objective becomes finding the ideal middle ground where there is a high 
intensity with the widest possible emission pattern at the range of interest.  Therefore, 
both the intensity and emission patterns for each of the six types of purchased LEDs were 
measured.  The results were then compared in order to choose the most effective 
model(s) of LED(s) to be used in the prototype device. 
C. INITIAL INTENSITY MEASUREMENTS 
In order to measure the intensity of the LEDs, a model FGAP71 GaP photodiode 
from Thorlabs was used.  Photodiodes are able to convert energy received from incident 
photons directly into electrical current.  The FGAP71 photodiode response has a 








The direct line of sight intensity of each of the six LED models was measured 
from a distance of 5 cm using the setup shown schematically in Figure 16.  Each LED has 
a maximum rated value of 30 mA for a sustained forward DC current.  Therefore, in each 
case the LED was driven at a constant current of 20 mA. 
 
Figure 16.   Setup used to measure intensity of various deep UV LED types. 
The amount of light incident on the photodiode is directly proportional to the 
output current, IDetector.  By Ohm‟s law, the output current of the photodiode becomes: 
 ResistorDetector
VI R  (7) 
because the resistance is held constant, the voltage drop across the resistor is also 
proportional to the amount of light detected.  This voltage was measured and recorded as 
a measurement of the optical power for each LED.  The results are shown in Figure 17.  
 
Figure 17.   Measured intensities of LED models. 
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It is clear that the 270 HS LED is the brightest.  It is more than 1.5 times brighter 
than the 255 model with the same window, and nearly 5 times brighter than any other 
model with the same peak wavelength.  However, the HS LEDs also have the narrowest 
emission pattern.  In order to determine which LED should be used, both parameters must 
be taken into consideration.  However, Figure 17 also indicates that all 270 nm models 
are between 1.6-3.3 times brighter than the 255 nm models, while the emission patterns 
are the same.  Therefore, only the 270 nm LEDs underwent further testing.   
D. INTENSITY DISTRIBUTION MEASUREMENTS 
Figure 18 shows the typical emission patterns corresponding to each type of LED 
lens as given by SETI.   
 
Figure 18.   Emission patterns for UVTOP® LED lenses (From [15]). 
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Although these emission patterns provide a general idea of the angular 
dependence of the intensity, they give no indication of the intensity distribution within 
the cone.  To obtain this information, a more precise measure of intensity as a function of 
emission angle was desired.  This was accomplished using the same GaP photodiode 
arrangement that was used to measure the direct intensity. To measure the angular 
dependence of the intensity, the orientation of the LED was varied from 0° to 45° in 2° 
increments as shown in Figure 19. 
 
Figure 19.   Setup used to measure angular dependence of intensity. 
The same measurement was performed for each of the three lens types using 270 
nm LEDs.  Figure 20 shows a comparison of normalized intensity as a function of angle 



























Figure 20.   Normalized intensity as a function of LED angle.  Initial point for  
hemispherical lens and ball lens LEDs overlap. 
As expected, the intensity of the HS LED decreases the most quickly as the angle 
or orientation increases while the intensity of the FW LED remains fairly constant over 
the full range ~ 40° and actually reaches a maximum at θ = 36°.  The BL LED however 
produces a broader emission pattern than expected.  Although the HS LED is nearly 5 
times brighter than the BL LED when θ = 0°, the BL model becomes more intense than 
the HS model when θ > 6°.  However, because θ represents the half angle of the emitted 
beam, the HS LED remains the brightest for a total divergence of 12°.  The FW LED is 
the brightest for θ > 22°. 
E. EVALUATION OF 270 NM HS LED 
The goal of this research was to develop a UV IIFF signaling device that could be 
viewed at up to 1 km during either day or night.  To develop a functioning IIFF patch, a 
mobile UV source needed to be constructed and tested.  Despite the narrow emission 
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pattern of the 270 nm HS LED, it was selected as the light source for the first mobile 
device.  The goal of this device was to give an indication of both the day and night range 
of a single LED.  The electronic circuit used to drive the LED is shown in Figure 21. 
 
Figure 21.   Circuit diagram of first mobile test device. 
The LED was powered by a 9 V battery, and modulated with a 555-timing chip. 









t R R C
t R C
   
    (8) 
Using values of 9.9 kΩ for each R1 and R2, as well as 220 µF for C gave values of 3 
seconds for thi, and 1.5 seconds for tlow. The initial choice for these times was driven by 
the nature of the data acquisition for the intensified PentaMAX camera.  The 100 Ω 
resistor in series with the LED was chosen to produce a driving current of ≈ 20 mA. 
Using this mobile device, images were taken during both day and night using the 
intensified PentaMAX camera described in chapter 2.  Because the camera has a range of 
180-800 nm and is sensitive to both visible and IR light, optical filters needed to be used 
to create the zero background condition.  During the night there is significantly less 
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visible and IR light and the 270B filter alone was sufficient to create the desired 
condition.  Using this filter only reduces the intensity of the source to 43% of the 
nonfiltered value.  However, to capture images during the day, use of both the 270B and 
270N filters still allowed significant levels of visible light to reach the camera.  Although 





integration over such a wide background wavelength range is not negligible.  In addition, 
the use of both filters reduces the intensity of the source to less than 10%.  Because of 
this, the device was seen at significantly further ranges during the night versus day.   
During the day, the maximum range for which the device was discernable was ~ 
100 m.  A daytime image of the device with 50 ms exposure at 100m is shown in Figure 
22.   
 
Figure 22.   Daytime image of single 270 nm HS LED with 20 mA driving current  
viewed from 100 m through 270N and 270B solar blind filters with 50 ms 
integration time.  
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Notice that due to the intensity of visible light present, the outline of the 
background is present in the image.  The background appears out of focus because the 
UV light and visible light refract differently when passing the lens of the camera.  
Therefore, the lens can bring either the visible or the UV light into focus, but not both 
simultaneously. 
At night, the device was visible at 300 m; it was not tested at ranges beyond this.  
Figure 23 compares images captured at night at distances of 100m and 300m. 
 
Figure 23.   Nighttime images of single 270 nm HS LED with 20 mA driving current.  
Left:  Viewed from 100 m through 270B solar blind filter with 20 ms exposure 
time.  Right:  Viewed from 300 m through 270B solar blind filter with 100 ms 
exposure time.  
The Winview software creating the image assigns the color white to the pixels 
with the highest photon counts, regardless of the actual value.  The other pixels are then 
assigned various shades of gray, or even black based upon their relative photon counts. 
This makes it impossible to judge the actual intensity of the light received from the 
device merely by looking at the image displayed.  However, the counts received by each 
pixel are recorded as long as the count does not exceed the saturation point of 4095.   
Figure 24 shows the same images as plotted by MATLAB using a program that 





Figure 24.   MATLAB plots of images from Figure 9.  Top: 270 nm HS LED with 20 
mA driving current viewed from 100 m with 20 ms exposure time.  Bottom:  270 




By importing the data from the TIFF file, MATLAB is also able to easily find the 
maximum photon count received by any pixel in the ccd array.  At a range of 100 m the 
maximum count was 450, compared to a maximum count of 454 received at 300 m.  
However, the camera was exposed for 100 ms at 300 m as compared to only 20 ms at 100 




 LEDs from the Sensor Electronic Technology Corporation offer the 
best chance of serving as the light source of a potential solar blind UV IIFF patch.  The 
270 HS LED provides a significantly higher intensity than other models tested, and a 
single 270 HS LED with a 20 mA driving current was shown to be visible at ranges of 
100 m during the day and 300 m at night.  To produce a prototype IIFF patch visible at up 
to 1 km both day and night, more light will need to be emitted from the source.  Further 
experiments conducted and presented in Chapter 4 will address the possibilities of using a 
device with multiple LEDs, each with higher driving current, to scale the output for the 
desired performance range. 
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IV. LED PERFORMANCE OUTSIDE RECOMMENDED 
OPERATING PARAMETERS 
A. RECOMMENDED OPERATING PARAMETERS 
It is clear from the results of the previous chapter that in for the proposed device 
to be effective at distances of up to 1 km, more light needs to be detected.  Either 
improving the efficiency of the filters and/or detector or emitting more light from the 
transceiver can achieve this.  The quickest and easiest solution is to produce more light.  
There are two ways this can be accomplished using the UVTOP
®
 LEDS: using multiple 
LEDs or increasing the luminosity of the LED by increasing the driving current.  The 
research presented in this chapter was done with the purpose of finding the optimal 
current with which to drive the LEDs.  
According to the specifications from SETI, each of the UVTOP
®
 270 nm series 
LEDs is rated for a maximum sustained forward DC current of only 30 mA and a peak 
forward current of 200 mA (duty factor = 1%, frequency = 1 KHz) [15].  The UV 
IIFF/signaling application requires an intermediate case of pulsed operation at low 
frequency (e.g. 1-10 Hz).  In order to find the ideal current that would produce the 
maximum possible output power, each type of LED was tested to see how they would 
behave with increased driving voltage and current.  The results of these experiments were 
analyzed and used to design a second mobile test device containing multiple LEDs with 
higher intensities.   
B. CURRENT MEASUREMENTS AS A FUNCTION OF BIAS VOLTAGE   
To understand the behavior of the LEDs at higher driving currents, the current and 
intensity were measured for increased values of bias voltage.  Using the 270 nm model 
LEDs, the forward voltage was increased from 0 V to 8.4 V in increments of 0.2 V.  At 
each voltage, the forward current through the LED and the UV intensity were measured.  
As the current rose above 30 mA, the voltage was applied only for the time needed to 
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take the measurement.  The measurements were performed for three separate FW LEDs, 
two BL LEDs, and four HS LEDs, and the resulting currents were averaged for LEDs of 
the same lens type.  Figure 25 shows the measured currents plotted against the 
corresponding driving voltages. 
Source Current vs. Voltage
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Figure 25.   Current as a function of bias voltage for 270 nm LEDs of each lens type. 
While there were slight variations amongst samples of the same lens type, these 
variations were small.  However, the differences are more pronounced between LEDs of 
different lens types.  For a given voltage, the average current through the HS LEDs is as 
much as 40% higher than the average for the BL LEDs.  
Because LEDs depend upon recombination of injected carriers for the emission of 
photons, the amount of light produced is dependent upon the forward current and not the 
forward voltage.  However, the power (P) consumed in each case is given byPIV.  
Therefore because the HS model LED has the highest current for any given voltage, use 
of this model allows for either higher optical output for the desired power consumption or 
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lower power consumption for the desired optical output. This is a significant advantage of 
the HS LED considering it is also the brightest of the three models. 
C. INTENSITY MEASUREMENTS AS A FUNCTION OF CURRENT 
In addition to the forward current, the intensity of the emitted light was also 
measured for each driving voltage.  As before, this was done with a GaP photodiode 
using the setup shown in Figure 26. 
 
Figure 26.   Setup used to measure intensity as a function of current. 
Due to the large difference in intensity between the LEDs of different lens types, 
the distance from the LED to the photodiode was not held constant.  To avoid the output 
voltage limit on the opamp, the intensity of the four HS LEDs was measured at a distance 
of ~ 15cm.  For the sake of comparison, the intensity of the two BL LEDs was measured 
at the same distance.  In order to provide significant signal strength, the intensity of the 
three FW LEDs was measured at a distance of only ~ 5 cm.  Figure 27 shows the 
resulting intensities as a function of driving current for the HS models. 
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Figure 27.   Intensity as a function of current for 270 nm HS LED. 
Unlike the forward current, the intensities of the LEDs varied significantly 
between the samples.  The LEDs referred to as #1 and #2 were in fairly good agreement; 
the light of sample #3 was more than double the intensity, and sample #4 only half the 
intensity of #1 and #2.  This disparity is attributed to the LEDs still being in the research 
state of their development with significant variations in material quality.  As the 
technology and production capacity advance it is expected that the intensity will be more 
consistent among LEDs of the same model. 
As expected, at low current the intensity of the LEDs increases linearly with 
current.  However, at higher currents, the relationship is sublinear and eventually 
increasing the current actually causes the intensity to decrease, probably due to heating 
effects.  The maximum intensity for each is roughly 5 times higher than the intensity 





device.  Using LED #3 as the limiting case, an upper limit of ~150 mA can be placed 
upon the desired forward current, as values above this provide no additional optical 
power.   
Although the experiments of the previous chapter clearly established the HS 
model as the brightest, both the BL and FW models offer a more dispersed emission 
pattern.  Because of this advantage, before eliminating these models as candidates for the 
IIFF patch, the intensities of these models were measured at higher currents.  This was 
done in order to determine if a sufficient driving current existed for which either model 
could produce necessary power to be seen at the desired ranges.  Figure 28 shows the 
intensity of each of the BL LEDs as a function of the driving current. 
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Figure 28.   Intensity as a function of current for 270 nm BL LED. 
The maximum intensity for each BL sample was achieved at currents of ~ 200 
mA.  Because the BL LEDs were tested at the same distance as the HS LEDs, a direct 
comparison between the intensities of the two models can be made.  The maximum 
intensity of the BL models corresponds to the intensity of an HS LED being driven at 
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only 20 mA, the same current used in the first mobile test device.  This intensity would 
allow one BL LED to be visible at distances of 100 m during the day and 300 m at night.   
To achieve ranges up to 1 km, the number of LEDs needed would significantly increase 
the demand on the power supply and increase the size of the IIFF patch.  While these 
results do not eliminate the BL model from future consideration, optimization of the HS 
model was the focus of further experiments.    
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Figure 29.   Intensity as a function of current for 270 nm FW LED. 
Finally, Figure 29 shows the measured intensity of each of the FW LEDs as a 
function of driving current.  As with the HS samples, the intensity between the FW 
samples varied significantly, especially at currents above 50 mA. The brightest of the FW 
samples, #2, approached an intensity of only 0.8 V.  Although the intensity produced by 
the FW LEDs is approximately the same intensity produced by the BL samples, recall 
that FW measurements were taken from a distance of only 5 cm whereas the BL and HS 
measurements were performed from a distance of 15 cm.  Despite the advantage of the 
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wide emission pattern of the FW LEDs, using them to produce the desired intensity 
would require the use of significantly more LEDs and increase the size, cost, and power 
consumption of the resulting device.  Hence, it was concluded that the UVTOP
®
 FW 
LEDs would not be a possible source for a solar blind IIFF device. 
D. TRANSIENT INTENSITY MEASUREMENTS 
While conducting the experiments measuring the intensity of the LEDs at 
increasing voltages, it was noticed that at high currents, the intensity began to decrease 
with time.  This decrease in intensity is attributed to an increase in LED temperature at 
excessive currents.  As shown in Figure 30, the output power of the LED decreases with a 
rise in temperature. 
 
Figure 30.   Normalized power as a function of temperature for UVTOP®  
270 nm LEDs.  Normalized power = 1.0 at 25°C (From [15]). 
At low currents, the LED is able to dissipate heat at the rate it is produced; this 
should cause the temperature to remain constant and the intensity to also be constant with 
time.  However, as the current increases, the LED reaches a point when the heat can 
longer be dissipated at an equivalent rate and the device temperature begins to rise.  As 
the temperature rises, less power is emitted from the LED reducing the range at which it 
can be detected. 
36 
 
To measure the effect of increasing temperature, the intensity of a HS LED was 
measured over a 35-40 second period for driving voltages up to 8.0 volts.  As before, a 
GaP photodiode was used in conjunction with an opamp, but the output voltage was read 
with an oscilloscope rather than a voltmeter.  Figure 31 shows the setup used. 
 
Figure 31.   Setup used to measure LED intensity as a function of time. 
The time scale on the oscilloscope was set to 5 seconds per division, giving a total 
display time of 40 seconds.  A Labview program recorded voltage and time values from 
the oscilloscope and stored them in text format on a computer.  Figure 32 shows how the 
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Figure 32.   Intensity as a function of time for 270 nm HS LED at constant current. 
For a forward bias voltage of 6.4 V, which corresponds to a 53 mA driving 
current, the power output of the LED is constant for the entire time, but with an applied 
voltage of 6.8 V, the intensity does begin to drop slightly.  The rate of power decrease 
becomes even more severe at higher voltages.  As the forward current just exceeds 200 
mA, the power drops to nearly half of the original value in less than 40 seconds.  In 
addition, the initial intensity is equal to that achieved with a current of 150 mA. 
In order to avoid overheating of the LEDs, either the rate of heat production must 
be decreased, or the rate of dissipation increased.  The heat production rate can be 
controlled by limiting and/or pulsing the driving current.  Through pulsing, it becomes 
possible to drive the LED at significantly higher currents for a brief interval, followed by 
a cooling period during which no current is applied.  Both limiting the driving time and 
extending the cooling time can prevent the LED temperature from rising.  In addition, a 
pulsed driving current is desired for an IIFF patch because a flashing light is more likely 
to be seen by the observer.   
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Figure 33 shows the intensity of a 277 nm LED as a function of wavelength for 
DC currents ≤ 50 mA, and 10 μs current pulses ≥ 50 mA [12].  Note that the peak 
wavelength remains fairly constant for an 80x increase in driving current. 
 
Figure 33.   Electroluminescence spectra of 277 nm LEDs under different currents.  
For current ≥ 50 mA a 10 μs pulse was used (From [12]). 
Using this very brief pulse followed by a relatively long cooling time the 
maximum intensity is reached with a driving current of 400 mA.  However, this intensity 
is only ~ 1.3 times higher than that achieved with a 200 mA current, and negligibly 
higher than that achieved with a 300 mA current.  Also, in order to fulfill the purpose of 
the intended IIFF device as well as accommodate limitations on minimum detector 
exposure times during imaging data collection with the intensified PentaMAX camera, 
pulse durations longer than those allowing for maximum intensity are needed.  The use of 
longer pulse times that is required for this research will limit the driving current to values 
significantly lower than the 400 mA seen in Figure 33. 
Using the same setup shown in Figure 31, the intensity of the HS LED was 
measured at 40-second intervals for various pulse patterns.  Figure 34 shows the intensity 
for a pulsed current with frequency = 5 Hz and a 50 % duty factor. 
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Figure 34.   Intensity as a function of time for 270 nm HS LED pulsed current.    
Notice that for this frequency and duty factor, the intensity does not begin to 
decrease with time until the driving current reaches roughly 120 mA.  Under constant 
current conditions, this rate of intensity decrease was seen with a driving current of only 
80 mA.  Even though the duration of the pulse is 100 ms (10,000 times longer than the 10 
μs recommended pulse), it still allows for a 50% increase in driving current before 
significant effects of heating begin. 
Figure 35 compares the decrease in intensity of an LED with a constant driving 
current of 120 mA with the decrease in intensity of the LED with two pulsed currents 
also at 120 mA.  The first pulsed current had a 50% duty factor, delivering a 250 ms 
pulse followed by a 250 ms rest.  The second pulsed current had a duty factor of 33%, 
delivering a pulse of 500 ms followed by a 1-second rest.    
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Figure 35.   Comparing intensity as a function of time of 270 nm HS LED for  
120 mA DC current vs. 120 mA pulsed current. 
It is clear that by pulsing the current, the power output of the LED does not drop 
as fast.  However, in comparing the power output of the pulsed LEDs, operation with the 
driving current at 0.67 Hz with a 33% duty cycle has the smaller rate of intensity drop.  
Even though the duration of the pulse is double that of the other current, the extra time 
between pulses allows the LED to cool more, resulting in a smaller drop in intensity over 
time.  
E. EVALUATION OF PERFORMANCE FOR OPERATION OUTSIDE OF 
RECOMMENDED OPERATING PARAMETERS 
Using the information from the experiments presented in this chapter, a second 
mobile test device was designed.  In consideration of the eventual constraints on the size 
and power supply of a solar blind UV IIFF patch, the device used four 270 nm HS LEDs.  
The driving current was set at 70 mA.  This allows each LED to produce more than 3 
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times the power output of the LED used in the first mobile device. In addition, even 
though the device would be used for minutes at a time during testing, 70 mA falls well 
below the lower limit at which the samples showed signs of heating.  Figure 36 shows the 
circuit used in the construction of the device. 
 
Figure 36.   Circuit diagram of second mobile test device. 
As with the first test device board, a 555 timer was used to create the pulsed 












    (9) 
This allows for a duty cycle of less than 50%.  Using values of 9.9 kΩ for R1, 22 kΩ for 
R2, and 220 μF for C resulted in a pulsed current with a frequency of 0.22 Hz and a duty 
factor of 33%.  The 1.5-second pulse was designed to provide sufficient exposure time 
for the intensified PentaMAX camera.   
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Images of the device were taken during both the day and night using the 
intensified PentaMAX camera.  During both day and night, the test device was clearly 
visible at a range of 300 m.  However, due to the absence of longer line of sight range, 
the device was not tested beyond this distance.  Figure 37 is an image of the device 
viewed at 300 m during the day with a 150 ms exposure time using both the 270N and 
270B optical filters.  The maximum daytime pixel count recorded for a 150 ms exposure 
at this distance was 1016 counts.   
 
Figure 37.   Daytime image of four 270 nm HS LEDs each with 70 mA driving  
current viewed from 300 m through 270N and 270B solar blind filters with 150 
ms exposure time. 
Figure 38 is an image of the device viewed at 300 m during the night with a 15 ms 
exposure time using only the 270B optical filter.  The maximum nighttime pixel count 
recorded for a 150 ms exposure at this distance was 4095 counts, indicating that some 




Figure 38.   Nighttime image of four 270 nm HS LEDs each with 70 mA  
driving current viewed from 300 m through 270B solar blind filter with 150 ms 
exposure time. 
F. SUMMARY 
In order to produce a prototype solar blind UV IIFF device visible at distances up 
to 1 km during both day and night, each LED needs to be driven at the optimal current for 
this particular application.  By measuring the behavior of the intensity and the current 
with increasing voltages, it was determined that utilizing a pulsed current would safely 
allow each LED to be driven at 70 mA for extended periods of time, even though this 
exceeds the recommended maximum operating current.  A device using four 270 nm HS 
LEDs each operating at this current was clearly viewed both day and night from a 
distance of 300 m.  It was not tested at longer ranges. 
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V. SCATTERING AND NONLINE OF SIGHT DETECTION 
A. RAYLEIGH SCATTERING 
As light propagates through a medium, such as air, it interacts with the medium 
through absorption and scattering.  Scattering reactions can cause a photon to change its 
direction of propagation, which can allow for detection of light even when the source is 
not in the line of sight of the detector.  An example of this is shown in Figure 39, which is 
an image of a 270 nm HS LED directed to the right scattering off of chalk dust in the air 
and being imaged by the intensified PentaMAX camera placed at a 90º angle to the 
source. 
 
Figure 39.   Example of NLOS imaging.  UV light being scattered through  
chalk dust. 
Of particular interest to the solar blind UV IIFF patch project is Rayleigh 
scattering, which refers to the scattering of light from particles up to about a tenth of the 
wavelength of the light.  One example of Rayleigh scattering is the scattering of light off 
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of the bound electrons in the molecules of the air.  In the late nineteenth century, 






    (10) 
N is the number of scattering particles per unit volume, n is the index of refraction, and λ 
is the wavelength of the incident light [16].   
That the cross section varies as 1/ λ4 indicates that the probability that an incident 
photon will undergo this type of scattering greatly increases at shorter wavelengths.  
Because the wavelength of the photons emitted by 270 HS LEDs is only half the 
wavelength of green light, these UV photons are 16 times more likely to undergo 
Rayleigh scattering when traveling through air.  One goal of this research is to explore 
the possibility of utilizing this increased probability for scattering to perform NLOS 
detection in air.  The capability for NLOS detection could allow the source to be seen 
even if blocked by buildings, vegetation, hills, or other obstacles (Figure 40).  
 
Figure 40.   Due to the higher rate of scattering for UV light, it may be possible  
to perform NLOS detection or signaling.  Scattering reactions in the air send 
photons in all directions.  Some of these will propogate toward the observer, 
providing a means of visual communication even if the direct path is blocked. 
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B. NLOS DETECTION USING LOCK-IN TECHNIQUES 
Using photomultiplier tubes (PMTs) as detectors, research efforts have been made 
to detect the scattering of photons in the solar blind region.  Because of the high gain 
provided by the use of PMTs, the scattering of photons from molecules in the air has 
been detected with seperation distances between source and receiver in the 10‟s of 
meters.  The results of these experiments show promise toward developing channels of 
NLOS communication for both military and civilian applications [10, 13].   
Using a FGAP71 GaP photodiode, attempts were made in our laboratory to 
measure the intensity of scattered UV light from a single HS 270 nm LED with a 60 mA 
constant driving current.  Figure 41 shows the experimental setup used in these efforts.  
  
 
Figure 41.   Setup used to measure intensity of UV light due to Rayleigh scattering. 
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Because the photodiode used for detection has no additional gain, an 11 Hz 
chopper was placed directly in front of the LED to modulate the emitted UV light and 
increase the sensitivity of detection.  The signal from the photodiode was then sent to a 
lock-in amplifier synchronized with the chopper, isolating the UV source from 
background noise.   
Because the goal was to detect only those photons reaching the detector through 
scattering reactions, measures were taken to reduce any signal from either reflection or 
the direct LOS path.  Because the measurements were taken in a laboratory setting, it was 
impossible to entirely eliminate all sources of reflection (reflection off of walls, table, 
etc.).  However, other potential sources of reflection were removed from the area.  
Control tests to vary potential sources of reflection indicate that intensity due to reflected 
photons was small.  To eliminate the LOS signal, a block was placed in the direct path 
between the source and detector.  
The intensity of the scattered light was measured as the detector angle (θ1) was 
increased in 10º increments beginning at 0º.  This was done for emission angles (θ2) of 0º, 
30º, 60º, and 90º.  In addition to varying the detector angle and emission angle, the 
relative position of the source and receiver were also changed.  The measurements were 
first taken for d1 = d2 = 6 in.  For the second set of measurements, the detector was 
moved back such that d1 = 12 in, while d2 remained at 6 in.  For the final measurements, 
the source was moved back, making d2 = 12 in, while d1 was returned to 6 in.  The 





Figure 42.   Scattered intensity as a function of detector angle for first  
measurement set (d1 = d2 = 6 in). 
 
Figure 43.   Scattered intensity as a function of detector angle for second  
measurement set (d1 = 12 in; d2 = 6 in).  The irregularities for angles less than 20º 
are because a significant fraction of the detector‟s field of view does not 
contribute to intensity for small angles for this relative position between the 




Figure 44.   Scattered intensity as a function of detector angle for third  
measurement set (d1 = 6 in; d2 = 12 in).   
The results suggest that the vast majority of the detected intensity is indeed due to 
Rayleigh scattering and not reflection.  Had the signal been the result of reflection, the 
highest intensities would have been achieved when the source and detector were aimed in 
the same direction (i.e. θ1 = 90º and θ2 = 0º; or θ1 = 0º and θ2 = 90º). However, as 
expected, the measured intensity reached a higher values when the UV beam ran 
perpendicular to the detector‟s field of view.  The only exception to this is for detector 
angles below 20º in set two.  However, due to the relative positions of the source and 
receiver in set two, a significant portion of the detector‟s field of view does not contribute 
for small detector angles. 
C. NLOS IMAGING 
Using the intensified PentaMAX camera, attempts were made to produce images 
of UV beams scattering in air.  To collect more light, these attempts incorporated the use 
of long exposure times.  However, even in the absence of background light, exposure 
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times greater than five minutes caused the entire ccd array to become saturated.  This is 
most likely due to thermal noise. Figure 45 shows an example of an attempt to view the 
beam of a 270 nm HS LED angled perpendicular to the camera‟s field of view.  
 
Figure 45.   Attempt to view scattering of UV photons in air. 
Although Rayleigh scattering should occur, the intensified PentaMAX camera 
used to capture the image in Figure 45 is not sensitive enough to show this for regular 
room air conditions for the source intensity used in these experiments.  To produce 
NLOS images of scattered solar blind UV light, a camera with higher gain and/or less 
noise must be used.   
D. SUMMARY AND CONCLUSION 
Although occurrences of Rayleigh scattering increase dramatically at shorter 
wavelengths (~1/λ4), this scattering did not produce the desired images when viewed with 
the intensified PentaMAX camera.  However, in agreement with other research, scattered 
UV light was detected using a photodiode and lock-in techniques.  Other research 
indicates that use of detectors with larger gain should enable detection of scattered 
photons from deep UV LEDs with intensity comparable to our prototype source at ranges 
in the 10‟s of meters. 
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VI. SOLAR BLIND UV IIFF PROTOTYPE PERFORMANCE AND 
CONCLUSION 
A. PROTOTYPE DESIGN 
To develop a covert, solar blind UV IIFF patch, six models of deep-UV LEDs 
from SETI were analyzed.  This research indicates that the 270 nm HS LED is the 
optimum UV source for the device.  By driving the LEDs with a pulsed 70 mA current, 
the emitted power can be greatly increased without the risk of overheating.  Using four 
LEDs driven with such a current, a handheld prototype was clearly visible via direct line 
of sight during both day and night at test distances of 300 m with indications of 
potentially much farther ranges.  However, at this intensity, the capability of nonline of 
sight imaging is not feasible with the detection system used in this research.   
The results of this baseline research were used to develop a functioning prototype 
IIFF device. The objective for this device was to be visible at 1 km during both day and 
night and to have the capability to operate in either trigger or beacon mode.  Syvax 
Design designed the driving and detection circuitry for the prototype, which is shown in 
Figure 46.   
 
Figure 46.   Solar blind UV IIFF prototype device. 
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The emitter consists of four 270 nm HS LEDs, each driven with a 70 mA current.  
The current is pulsed with a frequency of 1.67 Hz and 50% duty factor.  The device can 
function in one of two modes: beacon or trigger.  If the patch is emitting in beacon mode, 
the signal is a continuous cycle of 300 ms on, 300 ms off pulses.  While in trigger mode, 
the device is passive. Unless it detects that it is being targeted by a friendly, it remains 
completely covert; it will not respond if targeted by either enemy or neutral troops.  If 
activated, the prototype responds by emitting ten 300 ms flashes followed by a return to 
passive mode.  
The dimensions of the prototype are 6 ½” x 4 ½” x 1 ½”, with the majority of this 
space being occupied by the power supply.  To accommodate the possibility of many 
hours of continuous use for testing, 9 AA batteries were used.  Although this makes the 
prototype too large to function as a practical IIFF device, the primary purpose of the 
device is to test the range of visibility.  Once the desired ranges have been achieved, 
necessary adjustments could be made to reduce the size of the device in order to construct 
a practical IIFF patch or signaling device.  
B. PROTOTYPE PERFORMANCE AND EVALUATION 
The prototype was tested at Camp Roberts, CA on the 1 km runway at McMillan 
airfield.  The maximum test range was 980 m, where the device was clearly visible 
during both day and night.  In addition, at this distance the prototype was successfully 
triggered by an IR laser in both twilight and full dark conditions.  Using an IR laser for 
long range triggering requires the use of a NVD and therefore remote triggering was not 
achieved during the day.  However, in future work on this project a properly modulated 
visible (red) laser could be easily developed and applied for daytime triggering.  
Figure 47 shows both an individual and the device at 980 m as seen through both 
a visible camera as well as the UV capable intensified PentaMAX camera combined with 





Figure 47.   Daytime images of prototype device viewed from 980 m by visible  
camera (Top) and intensified PentaMAX camera with 270N and 270B solar blind 
filters and 30 ms exposure time (bottom).  In the second image, the prototype is 
the white dot shown just below the horizon. 
Even with 4 x optical zoom used with the visible camera, neither the UV signal 
nor the individual are discernable at 980 m.  However, even with no zoom the UV light 
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emitted by the prototype is clearly shown and provides a maximum pixel count of 510.  
Also, during live viewing the flashing of the signal causes it to be even more prominent. 
Figure 48 shows a night image of the prototype taken by the intensified 
PentaMAX camera with the 270B solar blind filter and a 20 ms exposure from 980 m.  
The maximum pixel count in the image is 852. 
 
Figure 48.   Nighttime image of prototype device viewed from 980 m  
with 20 ms exposure time. 
C. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK  
The tests performed with the prototype demonstrate that an IIFF patch based in 
the solar blind UV region of the spectrum could function at long ranges both day and 
night.  The first prototype was viewed successfully at a range of 1 km; future research on 
this project should be able to improve upon this performance. 
One weakness of the prototype is that it is too large to be considered as a 
functioning IIFF device.  However, future work on the project could reduce the size of 
the power supply, helping to develop a practical IIFF patch.   
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Another weakness of the prototype is that it depends heavily upon device 
orientation because LEDs with the HS lens were used in the design. Although the HS lens 
provides maximum intensity, the emission pattern of the light is very narrow. One 
possible solution to this problem for future designs might be to install each of the LEDs 
with a small offset angle.  In addition, when the receiver is viewing the LEDs at an angle 
of more than 6° from the centerline, the BL lens provides the most intensity.  Therefore, 
another possible solution is to incorporate the use of a combination of HS and BL model 
LEDs.  Future research on this project will be able to determine the optimal design for 
attaining maximum direct line intensity while minimizing the dependence upon angle of 
orientation. 
Another area for further research is that of utilizing photon scattering for NLOS 
imaging.  Although the research presented here has shown that a NLOS signal does exist, 
the intensified PentaMAX camera used for the UV imaging was not able create 
discernible NLOS images without the use of added large particulates in the air.  However, 
this may be possible with a more sensitive camera and better optical filters.  Additionally, 
a wide band gap camera that does not respond to background radiation in the visible part 
of the spectrum could eliminate the need for optical filters. 
There is also a need for a working model to predict the NLOS intensity received 
through scattering reactions.  This intensity depends upon the distance between the 
source and receiver, as well as the angles of each, and the overlap volume between the 
receiver field of view and emission beam.  However, the exact dependence upon each of 
these factors needs to be systematically modeled. 
Finally, although the unique properties of the solar blind region provide a zero 
solar background radiation condition, spatial context is not provided.  This is evidenced 
in the multiple images captured in this research, particularly those captured at night.  
Another area for future work on this project could be to fuse the UV image with visible 
(day) or NIR (night) images to provide this spatial context.  Efforts are currently being 
made by U.S. Special Operations Command (USSOCOM) to develop head mounted 
digital fusion goggles to provide situational awareness in all environments by utilizing 
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image fusion algorithms to combine a NIR sensor with a Long Wave IR (LWIR) sensor 
[17].  A natural evolution of this process would be to incorporate a solar blind UV sensor 
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